Hamstring strains are one of most common sports injuries. The purpose of this literature review is to summarize studies on hamstring strain injury rate, mechanism, and risk factors in the last several decades with a focus on the prevention and rehabilitation of this injury. Hamstring injury commonly occurs in sporting events in which high speed sprinting and kicking are frequently performed, such as Australian football, English rugby, American football, and soccer. Basic science studies have demonstrated that a muscle strain injury occurs due to excessive strain in eccentric contraction instead of force, and that elongation speed and duration of activation before eccentric contraction affect the severity of the injury. Hamstring strain injury is likely to occur during the late swing phase and late stance phase of sprint running. Shortened optimum muscle length, lack of muscle flexibility, strength imbalance, insufficient warm-up, fatigue, lower back injury, poor lumbar posture, and increased muscle neural tension have been identified as modifiable risk factors while muscle compositions, age, race, and previous injuries are non-modifiable risk factors. The theoretical basis of some of these risk factors, however, is lacking, and the results of clinical studies on these risk factors are inconsistent. Future studies are needed to establish the cause-and-effect relationships between those proposed risk factors and the injury.
Introduction
Hamstring strain injury is one of the most common injuries in sports, and causes significant loss of training and competition time and significantly affects the quality of life of injured athletes. This indicates a need to prevent this injury. Hamstring muscle injury also has a high re-injury rate, which frustrates the injured athletes as well as the clinicians and increases cost of the treatment. This indicates a need to improve current prevention and treatment strategies for hamstring strains. To prevent hamstring strain injury and improve the treatment for this injury, understanding the injury rate, mechanisms, and risk factors is essential. Significant research efforts have been made to understand hamstring muscle strain injury and re-injury over the last several decades. These research efforts provided further insight into prevention, treatment and clinical practice. The purpose of this literature review is to summarize studies on hamstring strain injury rate, mechanism, and risk factors with a focus on the prevention and rehabilitation of this injury.
Injury rate
A hamstring muscle strain injury is defined as posterior thigh pain, where direct contact with the thigh is excluded as a cause of the injury, with hyperintense within the hamstring muscle(s) that can be detected in magnetic resonance imaging (MRI). 1 Hamstring injuries are often diagnosed based on clinical and/or ultrasound examinations. They commonly occur in the athletes of many popular sport events in which high speed sprinting and kicking are frequently performed, including Australian football, English rugby, soccer, and American football.
Hamstring muscle strain injury is the most common and prevalent injury in Australian football. Verrall et al. 2 reported that 30% of Australian football players in two clubs had posterior thigh pain over one season. Orchard 5 found that 16% of Australian football players sustained hamstring muscle strain injuries during the 2000 season alone with an incidence of four injuries per 1000 player hours.
Hamstring injuries are also very common in English rugby. Brooks et al. 6 reported an incidence of 0.27 hamstring muscle strain injuries per 1000 player training hours and 5.6 injuries per 1000 player match hours, respectively, between 2002 and 2004. They also reported that, on average, hamstring muscle strain injuries resulted in 17 days of lost training/playing time. Their results indicate that the hamstring muscle strain injury was the second most commonly seen injury in English rugby.
Woods et al. 7, 8 found that hamstring strain injury accounted for 11% of the total injuries in preseason trainings, and 12% of the total injuries in competition seasons in English professional soccer. A total of 13,116 days and 2029 matches were missed because of these injuries with an average of 90 days and 15 matches missed per club per season and 18 days and three matches missed per injury. Arnason et al. 9 and Dadebo et al. 10 also reported that hamstring strain injuries represented 11% of all injuries in professional soccer in England, 13% in Norway, and 16% in Iceland, respectively. Ekstrand and Gillquist 11 revealed that hamstring strain injury represented 17% of all injuries and presented in 12% of players in soccer in Europe. The results of these studies demonstrate that hamstring strain injury is among the most common acute injuries in European soccer.
Hamstring muscle strain injury is also common in American football. A review of the medical database of the National Football League (NFL) between 1987 and 2000 indicated that 10% of all injuries in American college football players likely to play in the NFL were hamstring strain injuries. 12 Feeley et al. 13 reported that 12% of all injuries in NFL training camps were hamstring strain injuries, making it the second most commonly seen injury. Elliott et al. 14 reported that the average hamstring strain injury rate of NFL players during a 10-year period was 0.77 per 1000 athlete-exposure and represented 13% of all injuries among NFL players.
Many studies have also reported that hamstring muscle strain injury frequently occurs in many popular individual sports, such as track and field, waterskiing, cross-country skiing, downhill skiing, judo, cricket, and bull riding. Besides sports, dancing is another physical activity that has a high risk for hamstring muscle strain injury. Askling et al. 22 reported that 34% of dancers have experienced acute hamstring strain injuries and 17% had overuse injuries of hamstring muscles.
Recurrence rate
Hamstring strain injury has a very high recurrence rate. In English professional soccer, hamstring strain injury reoccurred in between 12% and 48% of the players. 8, 10, 23, 24 The recurrence rate of hamstring strain injury has been reported to be two times higher than that of other injuries in English professional soccer. 8 In Australian football, 34% of the players reinjured their hamstring muscles within a year of returning to play after their initial hamstring strain injuries. 3 Australian football players had the highest risk (13%) of recurrence of hamstring muscle strain injury during the first week of returning to play. 25 In addition, the persistence of the recurrence was reported to continue for many weeks after returning to play with a cumulative recurrence risk of 31% over the entire season in comparison to 15%, 12%, 11%, and 5% of recurrence risks for ankle sprain, thigh contusion, medial collateral ligament strain, and concussion, respectively. 25 Recurrent hamstring muscle strain injuries are generally more severe and result in significantly more lost time in comparison to the initial injury. 25 
Consequences of the hamstring muscle strain injury
The consequences of a hamstring muscle strain depend on the severity of the injury. There is no standardized classification system for the severity of muscle strain injuries; however, different classification systems share a common categorization. Combining anatomical diagnosis, physical examination, ultrasound, and imaging, the severity of muscle strain injuries is generally categorized as Grade I: mild strain injury with minimum tear of the musculotendinous unit and minor loss of strength, Grade II: moderate strain injury with a partial tear of the musculotendinous unit and a significant loss of strength that results in significant functional limitations, and Grade III: severe strain injury with a complete rupture of the musculotendinous unit and is associated with severe functional disability. 26, 27 The precise definitions of different grades may vary among specific classification systems. The averaged time losses for different grades of hamstring muscle strain injuries in European professional soccer are 17 AE 10 days for Grade I, 22 AE 11 days for Grade II, and 73 AE 60 days for Grade III. 28 The majority (97%) of all hamstring strains in soccer are classified as grade I and grade II. 29 The complete tear of the hamstring muscle is rare, occurring in roughly 1% of all hamstring injuries, however, the consequences are usually much more severe. 8 Grade III injuries can result in an avulsion fracture of the ischium, an avulsion of the ischial apophysis, or a pure avulsion of the hamstring tendons themselves, depending on the patient's age. 30 The rare incidence of complete rupturing of the hamstring is often misdiagnosed as a simple "hamstring pull", resulting in improper treatment thereby leading to the development of chronic pain and potential disability. 30 Because the symptoms of a grade I and grade II muscle strain injuries may be negligible or entirely absent at rest or in activities of daily living, the patient may prematurely return to activity. This may lead to repeatedly unsuccessful efforts to return to sports, resulting in re-injuries or a development of chronicity of the injury and symptoms, even longer rehabilitation times, and, in worst cases, the end of an athletic career. 31 Muckle 32 pointed out that recurrent hamstring injuries may cause lumbar spine abnormalities, meniscal problems in the knee, adhesion of the lateral popliteal nerve, abnormal quadriceps power, and enthesopathies. Hernesman et al. 33 reported a case of motor dysfunction of the sciatic nerve from a chronic hamstring strain injury. Petersen et al. 34 reported 46 new and eight recurrent injuries resulting in a total of 1163 days of absence from football (ranging from 3 to 136 days with a mean of 21.5 days and a median of 16 days per injury) among 374 elite Danish soccer players over a 12-month period.
General mechanism of muscle strain injury
Understanding the general mechanism of muscle strain injury is essential for understanding the specific mechanisms of hamstring muscle strain injury. Tremendous research efforts have been made in the last two decades to understand the general mechanism of muscle strain injury. The results of previous studies demonstrate that muscle strain in eccentric contraction is the primary cause of the muscle strain injury affected by muscle strength and contraction velocity.
Garrett et al. 35 studied the biomechanics of muscle strain injury using rabbit extensor digitorum longus and tibialis anterior models. They compared the strain, force, and energy absorbed at the time the muscle was stretched to the point of injury in three experimental groups: passive stretching group, eccentric contraction group stimulated at 16 Hz, and eccentric contraction group stimulated at 64 Hz. Muscle strain injury was defined as the increase of muscle length from the muscle resting length divided by the muscle resting length. Muscle resting length was defined as the muscle length at which the muscle parallel element starts to generate force as muscle length increases. All injuries occurred at the distal muscletendon junctions with minimum deformation in the tendons. The results of this study showed no significant differences in muscle strain among the three groups when muscle strain injury occurred. The results of this study also showed that the force generated by the eccentric contraction groups when muscle strain injuries occurred was significantly greater than that by the passive stretch group, and that the forces generated by the two eccentric contraction groups were not significantly different. The results of this study further showed that the eccentric contraction groups absorbed significantly more mechanical energy before injury occurred, and that the eccentric contraction group at the higher activation level absorbed significantly more mechanical energy than the eccentric contraction group at the lower activation level. These results suggest that muscle strain is the primary cause of the injury regardless of the muscle activation level. These results also suggest that a muscle generates greater force in eccentric contraction than in passive stretch when a muscle strain injury occurs, and that the force a muscle generated in eccentric contraction when a muscle strain injury occurs is not affected by the muscle activation level. These results further suggest that the higher the activation level of a muscle during eccentric contraction, the more mechanical energy the muscle would absorb before a muscle strain injury occurs. A later study by Lieber and Friden 36 also demonstrated that lower grade muscle strain injury similar to that of delayed onset muscle soreness was sensitive to the strain not the force.
As a continuation of their previous study, Nikolaou et al. 37 compared the strain injury sites and muscle strain at failure among rabbit anterior tibialis, extensor digitorum longus, rectus femoris, and gastrocnemius muscles that represent four architectures: fusiform, unipennate, bipennate, and multipennate. The results of this study showed that more than 97% of strain injuries in the anterior tibialis, extensor digitorum longus, and rectus femoris occurred at the distal muscletendon junction while only 55% of the injuries in the gastrocnemius occurred in this region. The other 45% involved distal as well as proximal muscle-tendon junctions. The elongation speed did not affect where an injury occurred. Best et al. 38 studied the effects of elongation speed on the biomechanical characteristics of the muscle strain injury using a rabbit anterior tibialis model. The results of this study showed that muscle material failure occurred at the distal muscle-tendon junction when the elongation speeds were at 4 and 40 cm/s, and that failure occurred at the distal muscle belly when the elongation speed was at 100 cm/s. The results of this study also showed that the external loading at failure was sensitive to elongation speed, and that the greater the elongation speed was, the greater the external loading at failure. These results suggest that the muscle strain injury site moves toward proximal from distal muscle-tendon junction while muscle elongation speed is increasing, and that the greater the elongation speed is, the greater the muscle contraction force when injury occurs. This study further showed that the total muscle axial deformation and strain at failure were not elongation speed sensitive. This result was likely due to a low statistical power in the data analysis. The data showed a trend that the total muscle axial deformation and strain at failure decreased as the elongation speed increased, which indicates that muscle strain injury may occur with less muscle strain as elongation speed increases.
Brooks and Faulkner 39 investigated the effects of muscle elongation speed during eccentric contraction on the severity of muscle strain injury using a mouse extensor digitorum longus model. The severity of a muscle strain injury was quantified by the deficit in maximum isometric contraction after the injury. Their results showed that the deficit in the maximum isometric contraction force after a muscle strain injury could be predicted from the muscle strain and elongation speed during the eccentric contraction that induced the injury. The role of muscle elongation speed in predicting the deficit in maximum isometric contraction force after a muscle strain injury depended on the muscle strain. The contribution of the muscle elongation speed to the prediction of the severity of strain injury increased as the muscle strain increased when muscle strain was large. These results suggest that the greater the muscle elongation speed in an eccentric contraction is, the more severe the muscle strain injury will be when the muscle strain is large.
Lovering et al. 40 studied the effect of muscle activation before eccentric contraction on the severity of muscle strain injury using a rat tibialis anterior model. The degree of injury was also determined by the loss of the maximum isometric contraction force after the injury. The results showed a significant negative correlation between the duration of the muscle activation before eccentric contraction and the amount of loss of the maximum isometric contraction force after the injury, particularly when the duration of muscle activation was less than 50 ms before the eccentric contraction. These results indicate that a suddenly activated eccentric contraction is more likely to cause severe muscle strain injury.
Mechanism of hamstring strain injury
The majority of hamstring muscle strain injuries occur in sports that require high speed running such as American football, Australia football, basketball, soccer, rugby, and track and field. 41 Verrall et al. 42 reported that 65 out of 69 confirmed hamstring muscle strain injuries during two playing seasons of Australia football occurred during running activities. Gabbe et al. 5 reported that over 80% of the confirmed hamstring muscle strain injuries in community level Australia football occurred in running or sprinting. Woods et al. 8 reported that over 60% of the hamstring injuries occurred during running in English professional soccer. Brooks et al. 6 reported that over 68% of hamstring muscle strain injuries in English rugby occurred during running, not including turning and scrimmaging which are similar to running. Askling et al. 31 identified 18 athletes who had first time hamstring muscle strain injuries from major track and field clubs in Sweden. All 18 athletes were sprinters, and their injuries all occurred during competition when the speed was maximum or close to maximum.
Besides running, kicking is another activity in which hamstring muscle strain injury frequently occurs. Gabbe et al. 5 reported that 19% of the confirmed hamstring muscle strain injuries in community level Australian football occurred during kicking while over 80% in running or sprinting. Brooks et al. 6 reported that about 10% of the hamstring muscle strain injuries in English rugby occurred during kicking. Brooks et al. 6 also found that the hamstring muscle strain injuries occurred in kicking were more severe than those occurred in other activities in terms of lost play time.
Several studies have been conducted on the biomechanics of running to better understand the mechanism of hamstring muscle strain injury. Mann and Sprague 43,44 comprehensively described sagittal plane joint resultant moments in sprinting.
The results of their studies demonstrated a peak knee flexion moment and a peak hip extension moment immediately after foot strike, which was suggested as a factor related to the incident of hamstring muscle strain injury. However, previous studies on the general mechanism of muscle strain injury demonstrated that great muscle force was not a necessary condition for a strain injury.
Wood 45 presented joint resultant moments and power, electromyography (EMG), and hamstring muscle lengths in sprinting. These data confirmed the finding of a peak knee flexion moment and a peak of hip extension moment immediately after the foot strike by Mann and Sprague. 43, 44 These data, however, also demonstrated that knee and hip joint resultant powers were all positive when the peak knee flexion moment and peak hip extension moment occurred immediately after the foot strike. This suggests that the hamstring muscle group is in a concentric contraction after the foot strike, in which a hamstring muscle strain injury is not likely to occur. 45 The hamstring muscle length and EMG data demonstrated that hamstring muscles were in eccentric contractions during the late swing phase before foot strike and late stance phase before takeoff. 45 These data suggest that hamstring muscle strain injury may occur before foot strike and before takeoff.
Two recent studies confirmed the data in the previous study. 45 Thelen et al. 46 also found a hamstring muscle eccentric contraction during the late swing phase of treadmill sprinting, and suggested that the potential for hamstring muscle strain injury existed during the late swing phase. Their results, however, did not show a hamstring muscle eccentric contraction during the stance phase as Wood 45 did. Yu et al. 47 analyzed the biomechanics of ground sprinting, and also found that the hamstring was in eccentric contraction during the late swing phase as well as during the late stance phase as reported by Wood. Yu et al. 47 suggested that hamstring muscles were at the risk for strain injury during the late stance phase as well as during the late swing phase. However, hamstrings may have higher risk for strain injury during the late swing phase than during the late stance phase because the lengths of the hamstring muscles were significantly longer during the late swing phase than during the late stance phase. 47 
Risk factors
Understanding risk factors for hamstring strain injury is critical for developing prevention and rehabilitation strategies. Many risk factors for hamstring muscle strain injury have been identified in the literature, however, only a few of these are evidence-based while the majority are theory-based. These risk factors can be categorized as modifiable factors and nonmodifiable factors. 48 Modifiable risk factors include shortened optimum muscle length, lack of muscle flexibility, strength imbalance, insufficient warm-up, fatigue, low back injury, and increased muscle neural tension (Table 1) . Non-modifiable risk factors include muscle compositions, age, race, and previous injuries (Table 1) .
Shortened optimum muscle length
Optimum muscle length is defined as the muscle length at which the muscle contractile element generates maximum force, which is similar to the muscle resting length. 49, 50 Brocket et al. 51 demonstrated that legs with hamstring muscle strain injury histories have a significantly greater knee flexion angle for the maximum knee flexion torque in comparison to legs without hamstring muscle strain injury histories. This means that legs with hamstring muscle strain injury histories may have shorter optimum hamstring muscle lengths and thus higher muscle strains in comparison to legs without injury histories for the same range of motion. This suggests that shortened optimum hamstring muscle length is a risk factor for hamstring strain injury. However, a recent prospective study on risk factors of hamstring injuries in sprinters did not show a significant difference in the knee flexion angle for the peak knee flexion torque in preseason test between injured and uninjured athletes. 52 
Lack of muscle flexibility
Poor muscle flexibility has been repeatedly suggested as a modifiable risk factor for muscle strain injury. A recent study provided theoretical support for this suggestion from a point of view of the effect of hamstring flexibility on isometric knee flexion angleetorque relationship. 53 This study demonstrated that subjects with poor hamstring flexibility had a greater knee flexion angle for the maximum knee flexion torque in an isometric contraction test in comparison to subjects with normal hamstring flexibility. This result indicates that an athlete with poor hamstring flexibility may have shorter optimum hamstring muscle lengths in comparison to athletes with normal hamstring flexibility. As previously discussed, shorter optimum muscle length may result in higher muscle strain for the same range of motion, and thus increase the risk for hamstring strain injury. However, the results of clinical studies on the effect of hamstring flexibility on the risk for hamstring muscle strain injury are inconsistent. Worrell et al. 54 conducted a case-control study in which 16 athletes who had hamstring strain injuries within the past 18 months and 16 sports and dominant leg matched controls without injury were tested for their hamstring flexibility and concentric and eccentric strength at 60 /s and 180 /s. The results showed a significant difference in hamstring flexibility between injured and matched control groups. Two prospective studies indicated that English soccer players who sustained a hamstring muscle injury had significantly less hamstring muscle flexibility measured before their injuries compared to their uninjured counterpart. 55, 56 These studies support poor hamstring flexibility as a risk factor for hamstring muscle strain injury. However, several other studies showed no significant difference in hamstring flexibility prior to hamstring muscle strain injuries between injured and uninjured athletes.
52,57e59 A study by Gabbe et al. 60 showed that elite Australian football players who had recurrences of hamstring muscle strain injury appeared to have better hamstring flexibility in comparison to their counterpart without recurrence of the injury. The inconsistency among these studies may be due to differences in control group, control of other risk factors, and injury risk measures in study designs. Further studies with improved research designs are needed to determine the effects of flexibility on the risk of hamstring muscle strain injury.
Hamstring strength imbalance
Hamstring strength imbalance is a commonly proposed modifiable risk factor. Two hamstring strength measures have been used to quantify hamstring strength imbalance: bilateral hamstring strength asymmetry and hamstring to quadriceps strength ratio. Hamstring strength imbalance quantified by either of these two measures is considered a risk factor for hamstring muscle strain injury. Many prevention programs have been designed in attempt to prevent hamstring muscle strain injury through strength training. This review, however, found that the research results on the role of hamstring strength imbalance played in the risk of hamstring strain injury are inconsistent.
Orchard et al. 59 predicted hamstring muscle strain injuries for 62 legs of Australian football players using hamstring strength measures as independent variables. The results showed that the injured legs had significantly lower concentric isokinetic hamstring strength and hamstring to quadriceps strength ratio tested at a speed of 60 /s compared to uninjured legs. In addition, injured athletes had significantly lower injured to uninjured concentric isokinetic hamstring strength tested at 60 /s compared to uninjured athletes. However, the sensitivity and specificity of the prediction of hamstring strain injury from hamstring strength were 28% and 98%, respectively, which means that the hamstring strength had a better prediction of no injury than injury. Croisier et al. 61 reported a significant difference in the ratio of hamstring eccentric strength tested at 30 /s to quadriceps concentric strength tested at 240 /s between a hamstring strain injury recurrence group and a non-recurrence group of soccer, track and field, and 62 found that soccer players with uncorrected preseason hamstring strength imbalance had a significantly higher rate of hamstring strain injury in comparison to those without preseason hamstring strength imbalance, and to those with confirmed correction of preseason hamstring strength imbalance. Sugiura et al. 63 reported similar results for sprinters as those by Orchard et al. 59 for Australian football players. Yeung et al. 52 reported that the hamstring-to-quadriceps concentric strength ratio tested at 180 /s was the best predictor of hamstring strain injury. Fousekis et al. 64 reported that bilateral hamstring eccentric strength asymmetry was the best predictor of hamstring strain injury for soccer players. Askling et al. 65 and Petersen et al. 66 reported that hamstring specific eccentric strength training significantly reduced hamstring injury in Sweden soccer players.
While these studies support hamstring strength imbalance as being a risk factor for hamstring strain injury, several other studies showed otherwise. A retrospective case-control study showed no significant difference in hamstring and quadriceps concentric and eccentric strengths, bilateral strength asymmetries, and hamstring to quadriceps strength ratios at 60 /s and 180 /s. 54 Similar results were reported in another retrospective study. 51 Although the effects of rehabilitation on the strength of those injured athletes were unknown in these two studies, the results were consistent with a prospective study. 67 Two randomized controlled trial studies reported that a hamstring strengthening intervention did not significantly reduce the risk for hamstring strain injury. 30, 60 Although investigators of both studies blamed low compliance as the reason for negative results, neither of the studies reported on any other outcome measures of their intervention programs. It is unclear if the negative results in injury rates were due to lack of effect of their intervention program on injury rate or on strength.
Future studies are needed to better understand the effects of strength imbalance and strength training on risk of hamstring strain injury. Basic science studies on the general mechanism of muscle strain injuries demonstrate that muscle strain is the primary cause of muscle strain injury, and have established theoretical connections between muscle strain and flexibility and between flexibility and muscle strain injury. However, the theoretical connection between muscle strength and muscle strain injury still needs to be established. Future studies should consider multiple factors instead of hamstring strength alone, and emphasize the cause-and-effect relationship between strength and injury. Comparisons of hamstring strength between injured and uninjured groups provide little information on this relationship. The time when hamstring strength is tested may need to be carefully arranged in future studies. Schache et al. 68 found that the bilateral hamstring strength asymmetry significantly increased 5 days prior the hamstring strain injuries.
Insufficient warm-up
Insufficient warm-up has also been suggested as a modifiable risk factor for hamstring muscle strain injury due to early observations that many hamstring muscle strain injuries occurred during the early portions of practices or competitions. 11 This is supported by a study by Safran et al. 69 that demonstrated that increasing muscle temperature increases the muscle length and force at failure of rabbit hind limb muscles. However, a study by Gillette et al. 70 demonstrated that a 20-min warm-up increased body core temperature but did not increase hamstring flexibility. This review failed to find any clinical studies, which showed that an insufficient warm-up results in an increased hamstring muscle strain injury rate.
Fatigue
The suggestion that fatigue is a modifiable risk factor for hamstring muscle strain injury was also based on the clinical observation that many hamstring muscle strain injuries occurred during the late portions of practices and competitions. 6, 8, 11 This suggestion was supported by a study by Mair et al. 71 in which the investigators found that although fatigued and non-fatigued muscles failed at the same length, the nonfatigued muscles absorbed significantly less energy before failure. These results indicate that a fatigued athlete may have to increase the elongation to absorb a given amount of energy and thus increased muscle strains in the movement and the risk for muscle strain injury. The study by Small et al. 72 also provides support for fatigue as being a risk factor. They found that fatigue significantly increased the knee flexion angle at which peak knee eccentric flexion torque occurred. This result combined with the results of those studies on the general mechanism of muscle strain injury and optimum hamstring muscle length indicate that hamstring muscle strain may be increased in a given movement when fatigued. To a certain degree, this result also supports increasing hamstring flexibility as a prevention strategy for hamstring strain injury.
Lumbar disorders
Hamstring strain injury may be associated with low back pain in the zygapophyseal origin area. 73 Mooney and Robertson 74 found increased electrical activities and decreased flexibility of hamstring muscles for patients with low back pain. These results indicate that low back pain may provoke hamstring responses such as increased tension and result in muscle damage. 73 In a retrospective study, Hennessey and Watson 75 found a significant increase of lumbar lordosis among hamstring injured athletes in comparison to their uninjured counterparts, which indicates a possible association between hamstring strain injury and lumbar posture. However, a study by Verrall et al. 2 found that a past history of back injury did correlate with an increased risk of posterior thigh pain, which did not necessarily mean a hamstring strain injury.
Neural tension
Abnormal neural tension was another proposed modifiable risk factor for the recurrence of hamstring strain injuries. 76 Abnormal neural tension is defined as abnormal physiological and mechanical responses in the neuromuscular system when the normal range of movement and stretch capabilities is exceeded. 77, 78 Neural tension can be evaluated using the Slump test. 77, 78 Branches of the sciatic nerve can be tethered to the scar after a hamstring injury, and create increased neural tension with or without local irritation, which may result in local damage to the hamstring muscle. 73 Turl and George 76 reported that more than 50% of athletes had abnormal neural tension after non-repetitive grade I hamstring strain injuries. However, as previous studies on the mechanism of muscle strain injury demonstrated, muscle strain injuries are caused by strain, not by force. 35, 36 As the relationship between muscle strain injury and abnormal neural tension is still speculative in nature, the relevance of incorporating special mobility techniques including "neural tension positions" in rehabilitation programs has not yet been scientifically established. 29 
Muscle fiber composition
Several basic science studies have demonstrated that Type II (fast) muscle fibers were more prone to strain injury than Type I (slow) muscle fibers. Garrett et al. 79 noticed that muscles prone to strain injury have more Type II fibers than muscles not prone to strain injury, and that hamstring muscles have a relatively high percentage of Type I fibers compared to other lower extremity muscles. They hypothesized that muscles comprised of a high percentage of fast fibers were prone to strain injury. This hypothesis has been supported by basic science studies. Friden and Lieber 80 demonstrated that eccentric contraction-induced strain injuries predominantly occurred in fast fibers with low oxidative capacity. They hypothesized that oxidative capacity was an important factor that affects the eccentric contraction induced muscle injury.
Macpherson et al. 81 demonstrated that fast fibers had more severe strain injury with less strain in comparison to slow fibers. These results combined together indicate that athletes with a higher percentage of type I fibers may be prone to hamstring strain injury as well as other muscle strain injuries. No clinical studies have been found to support this hypothesis.
Age
Many retrospective and prospective studies have identified age as a risk factor of hamstring strain injury. Orchard et al. 82 found that Australian football players older than 23 years had a significantly higher risk for hamstring strain injuries than players younger than 23 years. Woods et al. 8 and Ekstrand et al. 24 reported similar results for English and European soccer players. Gabbe et al. 5, 60 reported that Australian football players older than 25 years sustained more hamstring strain injuries than did their younger counterparts. Verrall et al. 2 estimated that an increase of 1 year in age increased hamstring strain injury rate by 1.3 times for Australian football players, while Henderson et al. 83 estimated that the odds for sustaining hamstring injury increased 1.78 times for each 1 year increase in age for English soccer players. The studies on the hamstring strain injury in rugby and Australian football did not show significantly effect of age on hamstring strain injury rate. 6, 84 Orchard et al. 82 attributed the association between age and the risk for hamstring strain injury to the decrease in hamstring strength induced by hamstring muscle fiber denervation due to L5 and S1 never impingement caused by age-related low lumbar degeneration. He argued that the decrease in hamstring strength as quadricep strength remained unchanged would result in a hamstring strength imbalance relative to the quadricep strength, and thus increased the risk for hamstring strain injury. 82 Orchard et al.'s explanation of the mechanism of the age effect on the risk of hamstring strain injury was based on the theory that muscle strength is a risk factor for muscle strain injury, which has not been validated by basic science and clinical studies. In addition, Orchard et al.'s study 82 did not demonstrate any difference in hamstring strength between their old and young subjects. Gabbe et al. 60 found age related differences in body weight, hip flexor flexibility, and ankle plantarflexor flexibility, but could not explain the connections between these age-related differences and age-related differences in hamstring strain injury rate.
Race
Different hamstring injury rates in athletes of different races have been repeatedly reported in the literature. Verrall et al. 2 found that Australian football players who were of aboriginal descent had a significantly higher risk of hamstring injuries in comparison to players of other races. Woods et al. 8 reported that English professional soccer players of African descent have a significantly higher risk of hamstring strain injury in comparison to players of other races. Brooks et al. 6 noticed that, although not statistically significant, the incidence of hamstring strain injury among African and Caribbean descents was almost four times that of Caucasian players. These results suggest that individuals of difference races may have different muscle fiber compositions. Ama et al. 85 demonstrated that individuals of African descent have more fast fibers than Caucasians. As previously mentioned, athletes who have more fast fibers may be prone to muscle strain injury. Woods et al. 8 also argued that the increased pelvis anterior tilt of African descents might be another explanation of their elevated hamstring strain injury risk. However, a study by Mosner et al. 86 found no difference in actual pelvis anterior tilt between African and Caucasian individuals.
Previous hamstring injury
Many studies have demonstrated that a history of hamstring strain injury is a significant risk factor for the recurrence of the injury.
2,4,6,60,67,87e89 Engebretsen et al. 58 suggested that previous injury was the only significant risk factor for new hamstring strain injury for a group of Norwegian soccer players. Based on an animal experiment, Nikolaou et al. 37 suggested that scarring and fibrosis seen in the muscle 7 days after initial strain injury may explain the elevated risk of the injury. As previously mentioned, Brockett et al. 51 demonstrated that the legs with hamstring muscle strain injury histories had a significantly greater knee flexion angle for the maximum knee flexion torque in comparison to the legs without hamstring muscle strain injury histories. This indicates a possibility that previous strain injury resulted in shortened optimum lengths of hamstring muscles and thus increased the risk for injury. However, a recent prospective study by Fousekis et al. 64 reported that previous hamstring injury significantly decreased the odds of injury. A possible explanation for this result is that rehabilitation programs might have eliminated some risk factors or reduced the effects of risk factors for the subjects involved.
Besides the above mentioned risk factors, a study by Sherry and Best 90 showed that poor agility and trunk stabilization may be risk factors for hamstring muscle strain injury while a study by Cibulka et al. 91 showed that sacroiliac joint dysfunction may also be a risk factor. However, similar to many previously discussed risk factors, the scientific basis of these proposed risk factors is not clear.
Summary
Hamstring strain injury is one of the most common sports injuries that have significant effects on patients' quality of life and sports career. The high recurrence rate and serious consequences of this injury have not been fully recognized.
Basic science studies have demonstrated that the excessive strain during an eccentric contraction is the general mechanism of muscle strain injury, and that the severity of the injury is affected by the eccentric contraction speed when the muscle strain is large and by the duration of activation before the eccentric contraction. In vivo studies demonstrated that hamstring injury is likely to occur during the late swing phase of sprinting when the knee is extending and the hip is flexed and during the late stance phase before takeoff when knee is extending and the trunk is leaning forward.
Many risk factors including poor flexibility, strength imbalance, insufficient warm-up, and fatigue have been proposed as risk factors for hamstring strain injury. Basic science studies have established the connections between muscle strain and strain injury, muscle optimum length and muscle strain, and flexibility and muscle optimum length, which support poor flexibility and insufficient warm-up as risk factors for hamstring strain injury. However, the theoretical basis of hamstring strength imbalance and other proposed risk factors for hamstring strain injury is lacking.
Many clinical studies have been conducted in attempts to provide clinical evidence to support the proposed risk factors. However, the results of those clinical studies are descriptive and controversial. Clinical evidence for current prevention and rehabilitation programs for hamstring injury is lacking.
Future studies are needed to improve the prevention and rehabilitation of hamstring strain injury, particularly randomized controlled trials, in order to establish the cause-and-effect relationships between those proposed risk factors and hamstring strain injury. Future clinical research should consider the interaction effects of multiple risk factors on the risk of hamstring strain injury. Clinical studies on risk factors and prevention and rehabilitation programs should be based on the injury mechanisms established in basic science studies. Evidence-based prevention and rehabilitation programs for hamstring strain injuries can be developed only after risk factors of the injury have been scientifically identified, confirmed, and understood through well-designed basic science and clinical studies.
